Urocortin 1 (UCN 1) is a corticotropin-releasing factor (CRF)-like peptide whose role in stress is not well characterized. To study the physiological role of UCN 1 in the response of the hypothalamic pituitary adrenal (HPA) axis to stress we generated UCN 1 knock-out (KO) mice and examined their adaptation to repeated restraint and to cold environment. Wild type (WT) and UCN 1 KO animals were restrained hourly for 15 min from 9 am to 2 pm and blood samples were obtained for corticosterone measurement. WT animals adapted to repeated restraint with a decreased corticosterone response: the restraint-stimulated corticosterone levels fell from 215±31 ng/ml in naïve animals to 142±50 ng/ml in mice subjected to repeated restraint (P<0.01); and from 552±98 ng/ml to 314±58 ng/ml (P<0.001), in males and females respectively. Male UCN 1 KO mice did not show any adaptation to repeated restraint; instead, it increased restraintstimulated corticosterone levels from 274±80 ng/ml in naïve animals to 480±75 ng/ml in mice subjected to repeated restraint (P<0.001). Female UCN 1 KO mice showed only a partial adaptation to repeated restraint with a decrease in the restraint-stimulated corticosterone response from 631±102 ng/ml in naïve animals to 467±78 ng/ml in mice subjected to repeated restraint (P<0.01). In addition, UCN 1 KO mice showed no corticosterone response to 2 h cold environment. These data demonstrate an important role for UCN 1 in the HPA axis adaptation to repeated restraint and in the corticosterone response to a cold environment.
INTRODUCTION
Corticotropin-releasing factor (CRF) plays a critical role in the physiology of the central nervous system and the regulation of hypothalamic-pituitary-adrenal axis (HPA) activity. CRF is a 41 amino acid peptide, which stimulates the secretion of adrenocorticotropine (ACTH) (28) . Several studies have shown that CRF is the major regulator of the basal and stress-induced activation of the HPA-axis, and is involved in several other physiological and behavioral responses (7, 14) .
Three CRF receptors have been characterized: CRF-R1, CRF-R2 and CRF-R3. CRF-R1 and CRF-R2 have been found in mammalian species (8, 10) and Xenopus (12) , whereas CRF-R3 has been found only in fish (4) . The CRF receptors couple to the stimulatory G protein (Gs), which activates adenylate cyclase leading to accumulation of cAMP in the target cells. The CRF receptors have also been shown to couple to several other G proteins such as Gi, Gq, Go and Gz (9, 15) . CRF binds to CRFR1 with high affinity, and binds to CRFR2 minimally (24) . Recently three CRF-like peptides, Urocortin (UCN) 1 (29) , UCN 2 (25) and UCN 3 (20) , have been discovered in different species. UCN 2 and UCN 3 bind to CRFR2 with a high affinity but only UCN 2 can activate CRFR1 at higher concentrations. UCN 1 has equal affinity to both receptors (24) ; however, this peptide binds to CRFR1 with an affinity that is similar to that of CRF. The high affinity interaction between UCN 1 and CRFR1 suggests a physiological role for UCN 1 in stress responses and behavioral processes mediated by CRFR1. UCN 1 is a 40-amino acid peptide expressed in the Edinger-Westphal, supraoptic and hypoglossal nuclei as well as in several peripheral tissues (29) . UCN 1 mRNA levels in the Edinger Westfal nucleus were shown to increase ~3-fold after 3 h restraint (34) ; these data suggested that UCN 1 is involved in stress regulation. However, studies with UCN 1 KO mice did not reveal an important role for UCN 1 in the HPA axis response to stress but indicated an important role for UCN 1 in anxiety-like behavior and in inner ear physiology (30, 32) . We, therefore, hypothesized that UCN 1 plays a non-classic role in stress regulation such as in the adaptation of the HPA axis to repeated stress and in response to a cold environment.
MATERIALS AND METHODS

Materials
All chemicals and the Polymerase Chain Reaction kit were obtained from Sigma (St Louis, MO), except as indicated. DNA Primers were made at the Massachusetts General Hospital Polymer Facility (Boston, MA). All molecular biology enzymes were from Promega (Madison, WI).
Corticosterone radioimmunoassay kit was from ICN Biomedicals (Costa Mesa, CA).
Generation of the UCN I knock out (UCN I KO) mice
An XbaI murine UCN 1 genomic fragment, cloned in the blue script, was kindly provided by Dr.
Joe Majzoub (the Children's Hospital, Boston, MA). A targeting vector was constructed in the pPNT cloning vector (27), in which the coding sequence after the ATG initiator was interrupted with the neomycin-resistance gene cloned into the BamHI site, which occurs naturally within the UCN 1 gene sequence (Figure 1 A) . The targeting vector was linearized with Not I and transfected into J1 embryonic stem (ES) cells by electroporation; cell clones which survived the G418 selection were screened for homologous recombination using Southern blots probed with a 1.6 Kb external probe ( Figures 1A and 1 B) . Positive ES clones were expanded and used to homozygous knock out progeny as expected. PCR amplification of mouse tail DNA was used for genotype screening using 3 primers; UC1 (GAGGGGACGCGCTACGCTCC), a UCN 1 forward primer, UC2 (GTCCGAGCTAGCTCCAGCAG), a UCN 1 backward primer, and a neomycinresistant gene specific primer (Neo2: GCGAATGGGCTGACCGCTTC). The UC1 and UC2 PCR product is a 300 bp fragment from the UCN 1 gene seen in WT and HET animals (Figure 1 D) .
The UC2 and Neo2 PCR product is an 800 bp fragment seen in HET and KO mice (Figure 1 D) .
The validity of PCR genotyping was confirmed with Southern blot analysis (Figure 1 C) . In situ hybridization of brain sections made through the Edinger-Westphal nucleus using UCN I-specific probe (29) was performed ( Figure 1E ). The probe is complementary to nucleotides 660-882 of the murine UCN 1 gene and does not cross-react with CRF, UCN2 or UCN3 transcripts. We performed reverse-transcription (rt) followed by PCR (rt-PCR) of total brain RNA, prepared from WT and KO mice, using the UC1 and UC2 primers which are specific for the mouse UCN 1 transcript.
Animals
Adult male and female (12 weeks old), wild type (WT) and homozygous UCN 1 KO mice were used. All animals were housed under 12-h light /12-h dark cycles (lights on at 0700) with free access to food and water. Each mouse was used for experimentation only once. The number of the mice in each experimental group was 6. All animal procedures were approved by the
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Massachusetts General Hospital Animal Care and Use Committee.
Immobilization and Cold stress studies
UCN 1 KO and WT male and female mice were group-housed. Animals were individually restrained in ventilated 50-ml polypropylene Falcon tubes. Trunk blood was collected either before (control) or after immobilization. The immobilization stress was performed at 2 pm for 15 minutes. To investigate the adaptation to repeated immobilization stress the animals were restrained hourly for 15 minutes from 9 am to 2 pm (a total of 6 times). The control groups were restrained 5 times and allowed one hour for recovery, and blood samples were collected at 2.15 pm. Cold stress was performed by placing mice housed individually in separate cages at 4 C for 2 hours from 12.00 to 2 pm.
Blood Sampling
Trunk blood samples were obtained after rapid decapitation of isoflurane-anesthetized mice.
Blood samples were collected into 1.5 ml Fisher plastic tubes containing 5 Ml of 0.5 M EDTA, the samples were immediately centrifuged and the plasma were stored at -80 C until assayed. All blood collection was performed at 2:15 p.m. to avoid the diurnal variation in corticosterone secretion. Corticosterone radioimmunoassay was performed according to the manufacture's specifications. All control and experimental samples from one experiment were assayed in one assay. The intra-assay and inter-assay variations were 7.1% and 7.2%, respectively. Statistics
Comparisons between groups were performed using one-way ANOVA followed by the StudentNewman-Keuls multiple comparison test for unequal replicates. All analyses were conducted with Excel 2001 software.
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RESULTS
The UCN 1 knock-out (UCN 1 KO) mice, generated by homologous recombination (Figure 1 ).
The construction of a targeting vector is shown on Figure 1 A. Southern blot analysis of XbaIdigested DNA from the ES cell clones showed homologous recombination with a 6.3 Kb WT allele and a 4.3 Kb mutant allele (Figure 1 B) . Southern blot analysis performed on mouse tail DNA prepared from WT and KO mice also showed the 6.3 Kb XbaI fragment in WT and 4.3 Kb XbaI fragment in UCN1 KO DNA ( Figure 1C ). PCR genotyping also showed a 300 bp fragment in the WT and an 800 bp fragment in the UCN1 KO ( Figure 1D ). In situ hybridization of brain sections made through the Edinger Westphal nucleus showed UCN 1 expression in the WT (arrow in Figure 1E ) but not in the UCN 1 KO mice ( Figure 1E ). Reverse-transcription followed by PCR of total brain RNA, prepared from WT and KO mice also showed the normal transcript in the WT but absent expression in the KO (data not shown).
To avoid genetic drift in the phenotype we back-crossed the heterozygous UCN I KO mice with the C57BL6 background for 6 generations.
The UCN 1 KO mice were fertile, showed normal litter size, and passed the mutations according to the Mendelian inheritance. Gross anatomy revealed no abnormalities in the internal organs; these data correspond with the results from other groups (27, 28). Since sexual dimorphism was described for corticosterone response to stress in CRF KO mice (21) we performed experiments on male and female mice and analyzed the data for each sex separately. Basal corticosterone levels, analyzed in trunk blood collected after rapid decapitation were higher in male UCN 1 KO mice than in WT controls (188.1± 65.6 ng/ml vs. 56.3 ± 21.1 ng/ml, respectively, P<0.05, Figure 2) . Furthermore, corticosterone values increased significantly after 15 min immobilization to 215 ± 31 ng/ml and 274 ± 80 ng/ml in WT and in UCN 1 KO male mice, respectively (Figure 2 ). Repeated restraint resulted in a significant adaptation of the corticosterone response to restraint in WT mice. The corticosterone response to 15 min immobilization in WT male mice fell from 215 ± 31 ng/ml in naïve mice to 142 ± 50 ng/ml (P< 0.01) in mice subjected to repeated restraint ( Figure 2 ). In contrast UCN 1 KO male mice had an increased corticosterone response: corticosterone levels after 15 min immobilization were 274 ± 80 ng/ml in naïve animals and 480 ± 75 ng/ml (P<0.001) in mice subjected to repeated restraint ( Figure 2) . Thus, male UCN 1 KO mice did not show any adaptation to repeated restraint.
Similarly female WT and UCN 1 KO mice have a significant response to acute immobilization stress ( Figure 3) . Furthermore, significant adaptation of the corticosterone response to acute immobilization was observed in WT females; the corticosterone levels after immobilization fell from 552 ± 98 ng/ml in naïve animals to 314 ± 58 ng/ml (P<0.001) in mice subjected to repeated restraint ( Figure 3) . The UCN 1 KO females showed a partial adaptation to repeated restraint; the corticosterone response to immobilization decreased from 631±102 ng/ml in naïve mice to 467±78 ng/ml in mice subjected to repeated restraint (P<0.01, Figure 3) .
To study the effect of adaptation to repeated restraint on the corticosterone response to a novel stress, WT and UCN 1 KO mice were restrained hourly (×3) and then subjected to 2 h cold environment. A 2 h cold exposure was selected from an experiment designed to examine the time course of the effect of cold environment on corticosterone levels; the latter showed a robust Figure 2 , Table 2 ) in males and from 141.3±58.8 ng/ml to 416.5±40.2 ng/ml (P<0.01, Figure 3 , Table 2 ) in females, respectively. In contrast to WT, UCN 1 KO males and females showed no corticosterone response to cold (Figures 2 and 3) . Furthermore, the cold response in naïve WT mice was similar to that in mice subjected to repeated restraints (Figures 2 and 3) . Interestingly UCN 1 KO males showed no corticosterone response to cold environment when they were subjected to repeated restraint ( Figure 2 ). However, repeated restraint in female UCN 1 KO mice resulted in a significant corticosterone response to cold (Figure 3) .
Comparison between the responses in males and females revealed gender differences in the corticosterone response to stress in WT and UCN 1 KO mice (Table 2 ). In WT mice basal levels of corticosterone were higher than in males (Table 2 ). This tendency was also observed after different stress exposure in WT mice (Table 2 ). In contrast to WT, UCN 1 KO mice show no differences in basal corticosterone levels between males and females ( Table 2) . UCN 1 KO females have significantly higher restraint and cold exposure responses than UCN 1 KO males (Table 2 ). Adaptation to repeated restraint and the response to cold after adaptation to repeated restraint were similar between UCN 1 KO males and females (Table 2) .
DISCUSSION
Adaptation of the corticosterone response to chronic stress is a complex biologic phenomenon that involves multiple hypothalamic neuro-endocrine hormones and the negative feedback of corticosterone on the pituitary and the hypothalamus (1, 2, 5, 11, 26). Studies in rats showed a blunted corticosterone response when the animals are exposed to a familiar restraint stress repeatedly (16) (17) (18) 26) . In mice subjected to daily restraint for 21 days, plasma corticosterone levels returned to pre-stressed, basal levels by their 21 st day (23) . The mechanism of this adaptation is not known and may involve several neuro-endocrine peptides and receptors. Our data show that the adaptation to repeated restraint is impaired in UCN 1 KO mice: male UCN 1 KO mice demonstrated an enhanced corticosterone response after repeated restraint whereas female UCN 1 KO mice had an impaired adaptation to repeated restraint. These data clearly implicate UCN 1 in the physiological adaptation of the HPA axis to repeated restraint. It is important to notice that UCN 1 mRNA expression in the Edinger Westfal nucleus increased approximately 3-fold after 3 h restraint (14) ; these data are consistent with our observation that UCN 1 is involved in stress regulation.
It is surprising to note that UCN 1 KO mice had an impaired corticosterone response to cold stress: both males and females showed no corticosterone response to 2 h cold environment whereas the WT male and female mice had a significant increase in corticosterone levels. The WT response in mice is similar to that described in rats (13) . Review of the literature suggests that different stressors employ different stress circuits (19) . Our data that UCN1 KO male and female mice have impaired response to cold suggest that UCN1 is essential for this response. This finding suggests that cold exposure leads to activation of the UCN1 neurons; and that such an activation results in stimulation of the HPA axis. The latter can be a direct response to the release of UCN1 in the vicinity of the anterior pituitary; or an indirect response via multiple relays within the central nervous system modulating the release of hypothalamic CRF and/or vasopressin. It is also interesting to note that cold exposure was shown to modulate the expression of CRF-R1 and CRF-R2 transcripts in the anterior pituitary gland (31) .
Adaptation of the HPA axis to repeated stress may involve: 1) desensitization of the neurons that release CRF and/or other factors with CRF-like activity; 2) reduction of receptors mediating ACTH release at the corticotrophs; and/or 3) desensitization of the intracellular signaling cascades leading to ACTH secretion and activation of the HPA axis. It has been shown that administration of CRF or glucocorticoid downregulates the CRF binding sites, although CRF receptor mRNA may be increased (3). Our finding that UCN1 KO mice have an impaired adaptation to repeated restraint suggests that UCN1 is required for one or more of the mechanisms described above. The exact site of UCN1 action in the adaptation to repeated restraint requires further experimentation.
It has been shown that conditional CRF-R1 KO from the limbic system resulted in sustained ACTH and corticosterone response to restraint; this suggested an important role for the limbic CRF-R1 in stress adaptation (22) . Since low level of UCN1 expression are found in the central nervous system outside the EW nucleus (33); we speculate that UCN1 acts on CRF-R1 within the limbic system to modulate the stress response.
Furthermore, our data showed an interesting sexually dimorphic corticosterone response to cold in UCN 1 KO mice subjected to repeated restraint. Female UCN 1 KO mice showed a normal corticosterone response to cold after repeated restraint. Surprisingly, basal corticosterone levels were higher in male UCN 1 KO mice than in male WT mice, whereas they were similar in female mice (17) . The mechanism of this dimorphism is unknown. It is possible that the gonadal steroids alter the adrenal response to stimulation in a sex-specific manner, since differences in corticosterone levels between males and females were not reflected in ACTH levels (6) . It is also possible that sex-differences are inherent within the neuronal circuit regulating the stress response.
Other investigators have described a normal corticosterone response in UCN 1 KO mice subjected to one restraint stress (27, 28 In conclusion, this study demonstrates that UCN 1 KO mice have impaired response to cold and exhibit impaired adaptation to repeated restraint, thus demonstrating an important role for UCN 1 in the regulation of the HPA axis. (B) Southern-blot of transfected ES cells. Cell clones, which survived the G418 selection, were screened for homologous recombination using Southern blots probed with a 1.6 Kb external probe.
(C) Southern-blot analysis of tail DNA isolated from WT and UCN 1 KO mice digested by XbaI and probed by an external 1 kb probe (EcoRI-XbaI fragment, Figure 1A ).
(D) PCR amplification of mouse tail DNA was used for genotyping using 3 primers; UC1
(GAGGGGACGCGCTACGCTCC), a UCN1 forward primer, UC2
(GTCCGAGCTAGCTCCAGCAG), a UCN2 backward primer, and a neomycin-resistant gene specific primer (Neo2: GCGAATGGGCTGACCGCTTC).
(E) In situ hybridization using UCN 1 specific RNA probe on brain sections made through the Edinger-Westphal nucleus of WT and UCN 1 KO mice. WT and UCN1 KO mice were restrained hourly for 15 min between 9 am and 1 pm (groups G, H, I, J, K and L). At 2 pm mice were subjected to nothing (control groups G and J), 15 min restraint (groups H and K) or 2 h cold environment (groups C and F). Naïve mice (groups A, B, C, D, E and F) were handled similar to the other experimental groups except that they did not receive any restraint (control groups A and D), received only one 15 min restraint at 2 pm (groups B and E) or placed in a cold environment for 2 h (groups C and F) . The data are means ± SD (n=6). 
